The abstractions of hydrogen from both carbon and oxygen in acetic acid by hydride, fluoride, and hydroxide anions have been studied using ab initio electronic structure calculations. Molecular structures were optimized at the Hartree−Fock level of theory using the 6-31++G(d,p) basis set. For energetics, the 6-311++G(d,p) basis set was used, with second-and fourth-order perturbation theory corrections, for both minima and transition states. For the hydride and fluoride ion abstractions of hydrogen from carbon, a small activation energy exists at the Hartree−Fock level, but vanishes when correlation energy corrections are introduced. No other barriers are found for the abstraction reactions, but intermediate minima are found on the F-+ CH3COOH → FH + -CH2COOH surface and on the analogous OH-+ CH3COOH surface. The calculated heats of formation for both acetic acid anions are in good agreement with the experimental values. The fourthorder perturbation theory calculation of the activation energy for the isomerization of acetate to enolate ion is 50.4 kcal/mol. The G2 values for the gas phase acidities of acetic acid at the OH and CH ends of the molecule are 339.3 and 365.8 kcal/mol, respectively. The former result is in good agreement with experiment.
I. Introduction
Acetic acid has two distinct types of hydrogen. One set of hydrogens is bonded to the methyl carbon, and one hydrogen is bonded to the carboxyl oxygen. When acetic acid loses a proton in an acid-base reaction, it had been thought 1 that it lost the proton bound to the oxygen atom, with the other three remaining bound to the carbon. However, in a recent study by O'Hair et al. 2 it was shown that the acetic acid enolate anion (I) can be readily prepared in a tandem flowing afterglowselected ion flow tube by the reaction shown in eq 1. These authors have shown that the acetate ion, CH 3 COO -(II), and the enolate ion undergo quite different reactions, and from consideration of the collisional activation and charge reversal mass spectra of the ions they have shown that they are interconvertible Via 1,3 proton transfer.
Grabowski and Cheng 3 discovered in their flowing afterglow experiments that when hydroxide reacts with CD 3 COOH, 60% of the abstraction occurs from the carbon and 40% from the oxygen. Fluoride ion will also abstract 24% from the carbon and 76% from the oxygen. These studies indicate that there is indeed competition for abstraction from the hydrogens bound to carbon and the hydrogen bound to oxygen.
In this paper we present the results of ab initio electronic structure studies for the six reactions listed below.
The fluoride, hydride, and hydroxide ions act as bases by abstracting hydrogens from either the oxygen, forming acetate ions, or the carbon, forming enolate ions. The barriers for the isomerization of acetate to enolate ion and for the OH rotation in enolate are also calculated. In addition, the Gaussian-2 model 4 is used to predict the heats of formation of enolate and acetate anions. The gas phase acidities for acetic acid donating a proton to form either acetate or enolate ion are calculated.
II. Computational Approach
Optimized geometries for the stationary points were obtained at the restricted Hartree-Fock (RHF) level, using the 6-31++G(d,p) 5 basis set and the Schlegel optimization method 6 in Gaussian88 7 and Gaussian92. 8 Some optimizations were done using the Baker 9 algorithim, an option in the GAMESS 10 † Iowa State University. ‡ Minot State University.
(1) Bell, R. P. 
suite of electronic structure algorithms. Minima and transition states were verified by establishing that the matrices of energy second derivatives (hessians) have zero and one negative eigenvalue, respectively. Energy differences (∆E) augmented by the difference in vibrational zero-point energy (ZPE) give rise to the 0 K reaction enthalpy ∆H. (Since vibrational frequencies obtained in this manner are systematically too high, the ZPEs are multiplied by a scale factor of 0.8929. 11 ) The reaction energetics were determined using second-and fourth-order Moller-Plesset 12 perturbation theory corrections to the RHF wave functions with the 6-311++G(d,p) 13 basis set, including the effects of triple excitations at the fourth-order level. Gaussian-2 4 was employed to calculate the heats of formation of the enolate and acetate ions.
The intrinsic reaction coordinate (IRC) is the minimum energy path connecting reactants and products Via the transition state. The IRC provides additional evidence that a particular set of reactants is connected Via a particular transition state to a set of products. The IRC was calculated for the acetate to enolate isomerization reaction using the second-order GonzalezSchlegel 14,15 (GS2) method implemented into GAMESS, with a step size of 0.30 bohr‚amu 1/2 .
III. Results and Discussion
In Table 1 the 6-311++G(d,p) energies for the minima and transition states are tabulated. These were employed in the calculation of the relative energies, as well as the enthalpy changes for the reactions. Those results are presented in Table  3 and will be discussed below. Table 2 lists the geometric parameters for the minima and transition states. The geometries of H 2 , H 2 O, and HF are described elsewhere 16 and are not included in Table 2 . The equilibrium geometries of enolate, 17 acetate, and acetic acid 18 have been reported by O'Hair et al. and Masamura, respectively, but are included in Table 2 and Figure 1 for convenience. The geometries reported in the literature for these species are almost exactly the same as the values that were obtained in our study. It is interesting that both C-O bond lengths in the acetate structure are quite short, ∼1.24 Å (cf. 1.19 and 1.33 Å in acetic acid); however the calculated bond orders for these bonds are 1.5, giving the expected coordination of four for the carboxyl carbon.
A. Abstraction by F -. The geometries along the F -+ CH 3 -COOH f HF + -CH 2 COOH reaction path are presented in Figure 2 . At the RHF/6-31++G(d,p) level of theory, two minima (min1, min2) separated by a transition state (TS) are found. Min1 is an ion-dipole complex, with a F --H 5 distance of 1.725 Å. The charge in this species resides primarily on F. The C 1 -H 5 distance (1.116 Å) is just a bit longer than the normal equilibrium distance (1.08 Å) for a C-H bond. At the transition state ( Figure 2b ) the F-H bond is partially formed (R(F-H 5 ) ) 1.17 Å) and C 1 -H 5 is partially broken (1.371 Å). The C 1 -C 2 distance is contracted to 1.448 Å, a value intermediate between those for normal C-C single and double bonds. At min2 (Figure 2c ), the H 5 -F 9 distance is 0.956 Å, very near its equilibrium distance in H-F. The C-H bond (1.838 Å) is essentially broken at this point. The C 1 -C 2 bond length is 1.405 Å and is approaching the equilibrium distance in enolate (1.374 Å). The geometry of the substrate is almost the same as that of the enolate ion in this structure.
While min1, TS, and min2 are all stationary points at the RHF level of theory, addition of electron correlation (MP2 or MP4) changes the reaction path, such that it is downhill from the reactants to min2 and then increases in energy to the products. This is illustrated in Tables 1 and 3 , as well as in Scheme 1a. So, when either MP2 or MP4 is used, min2 is the only remaining intermediate stationary point and is in fact the global minimum on the F -+ CH 3 COOH potential energy surface. As shown in Table 3 , the overall reaction to produce FH + enolate is endothermic by 4.5 kcal/mol (MP4), while the intermediate complex is exothermic by ∼20 kcal/mol.
The reaction at the carboxyl end of acetic acid is much simpler, with a monotonic decrease in energy for the entire reaction path. This was established by a series of RHF/ 6-31++G(d,p) geometry optimizations, followed by MP2 and MP4 single points. So, there is no barrier for the abstraction of hydrogen from the hydroxyl group by fluoride ion. Both MP4 and G2 predict that this reaction is exothermic by 22 kcal/ mol (Table 3 ). This is within 1 kcal/mol of the experimental value. Note that at the MP4/6-311++G(d,p) level of theory min2 is essentially isoenergetic with HF + CH 3 COO -, even though enolate is much higher in energy than acetate.
B. Abstraction by H -. Because H -is much less stable than F -, the reaction of H -with CH 3 COOH to produce -CH2COOH + H 2 is rather exothermic, by nearly 30 kcal/mol as shown in Table 3 . At the RHF level of theory, an intermediate complex and transition state are found on this reaction path. These two intermediate structures are shown in Figure 3 , but it is clear from Table 3 and Scheme 1b that these stationary points disappear at correlated levels of theory. So, this reaction is predicted to proceed steadily downhill to products, with no intervening barrier. Figure 1 .
b Bond lengths in angstroms, angles in degrees.
As in the fluoride ion reaction, no barrier was found for the abstraction of the hydroxyl group hydrogen. The calculated reaction enthalpy (Table 3 : -55 kcal/mol) is almost double that found for the reaction that produces enolate anion. The heat of formation of acetate ion is about 25 kcal/mol more exothermic than that of enolate ion, and this is clearly the difference.
C. Abstraction by OH -. Linear synchronous transit calculations using the procedure described above for F -show that the reaction of hydroxide ion with acetic acid at either end of the molecule is energetically downhill all the way to products. No barrier is found for either reaction. A search for a minimum along the path to enolate anion produced the structure shown in Figure 4c . The geometry of this structure appears to be a complex between a water molecule and the enolate fragment. Indeed, the structure of this species (Table 2) suggests a wellformed water molecule with short OH distances (H 5 -O 9 , H 10 -O 9 ) and an HOH angle of 114°. However, the C 1 -O 9 distance (1.46 Å) is shorter than one would expect for a weakly bound complex, and the OH -has transferred only about 25% of the negative charge to the enolate in this structure. Thus, it is not so surprising that the enthalpy change of this "minimum" on the potential energy surface relative to reactants at the MP4 level of theory is almost the same as the net ∆H for the reaction that produces enolate.
The production of H 2 O + enolate is predicted to be much less exothermic (18 vs 43 kcal/mol) than the production of a For each reaction the numbers in the first line were calculated using RHF/6-311++G(d,p), the second using MP2/6-311++G(d,p), and the third using MP4/6-311++G(d,p).
b See Table 4 for the experimental values of ∆Hf used in the calculation of ∆Hexp. c The numbers in this column were calculated using the Table 4 values of ∆Hf for all species except the acetate and enolate ions, whose ∆Hf values were calculated using G2 theory. acetate. Again, this is due to the more negative heat of formation for the acetate ion.
D. Isomerization of Acetate to Enolate. The symmetry of the transition state for the isomerization of acetate to enolate (Figure 4a) is C S . The C 1 -C 2 distance (1.523 Å) is slightly shorter than its distance in the acetate anion, while the O 3 C 2 C 1 angle has opened to 132.4°and is about 2°larger than its value in the enolate anion. The H 6 -C 1 distance is lengthened to 1.471 Å and is much longer than that of a normal C-H bond. The angle, H 6 C 1 C 2 , has closed from 111.7°in the acetate anion to a value of 65.7°at the TS. The O 7 -C 2 distance has increased and is approaching that of a normal C-O single bond. The O 7 C 2 C 1 angle has closed to 101.7°. This combination of moves places H 6 within 1.184 Å of O 7 , which is approaching the equilibrium OH bond distance of about 0.95 Å. In proceeding from the TS along the forward IRC (Figure 5a-d) , viewing from C1 to C2 along the C1-C2 bond, H 4 and H 5 gradually rotate clockwise into the plane of the molecule.
The activation energy for the acetate to enolate isomerization, (Table 3 and Scheme 2) is predicted to be about 50 kcal/ mol, at both the MP2 and MP4 levels of theory, using the 6-311++G(d,p) basis set. Thus, the isomerization of acetate to enolate will be a slow process and is not likely to play an important role in the abstraction reactions. Since the isomerization of acetate to enolate is endothermic by 25-26 kcal/ mol, the activation energy for the reverse reaction is around 25 kcal/mol. 
E. Enolate (Rotation of the OH Bond).
When the intrinsic reaction coordinate (IRC) 14, 15 is pursued in the forward direction from the isomerization transition state, the product is enolate with the OH bond rotated by 180°. The rotational transition state was found to have a geometry (Figure 4b ) that is quite similar to the geometries of both enolate and its higher energy conformation. In this TS the dihedral angle H 7 O 6 C 2 O 3 is 97.6°c ompared with 0°in enolate and 180°in the rotational conformer. The C 2 -O 6 bond length (1.423 Å) is slightly longer than that in enolate or in the higher energy structure. The MP4 barrier height (Table 3) for the OH bond rotation is 7.2 kcal/ mol, while the enthalpy change (activation energy) for this reaction is 6.6 kcal/mol. A schematic potential energy profile for the isomerization reaction including the rotation of the OH bond is shown in Scheme 2.
F. Comparison with Experiment. 1. Enthalpies of Reaction. In Table 3 , the column under ∆H exp contains the values of the enthalpies of reaction determined from experimental standard enthalpies of formation (Table 4) . The values in the column labeled ∆H 298 were calculated using the appropriate calculated energy values from Table 1. The column labeled ∆1 is the error (∆H 298 -∆H exp ) for the results of each reaction. The average error at the MP4 level of theory is 4.0 kcal/mol. The average uncertainty in the experimental enthalpies of reaction is (3.3 kcal/mol, so there is very good agreement between the calculated and experimental enthalpies of reaction.
The G2 standard heats of formation for acetate ion, enolate ion, and acetic acid were found to be -121.2, -96.7, and -102.3 kcal/mol, respectively, in comparison with the experimental values of -120.4 ( 3.1, -100.9 ( 3.2, and -103.3 ( 0.1 kcal/mol. This is in excellent agreement with the experimental values for acetate and acetic acid, and it is almost within the experimental error range for enolate. Previous G2(MP2) 21 values of -124.8 and -105.8 kcal/mol were reported 22 for the heats of formation of acetate ion and acetic acid, respectively.
When the foregoing G2 results are substituted for acetate and enolate in the calculation of the experimental reaction enthalpies, the column labeled G2 of Table 3 is the result and ∆2 is the error between G2 and ∆H exp . The average error is 2.9 kcal/ mol, giving very good agreement with the experimental enthalpies of reaction.
2. Activation Energies. To our knowledge, there are no experimentally determined activation energies for any of the reactions studied here. However, Grabowski and Cheng 3 found that both fluoride and hydroxide abstracted hydrogens from both the carboxyl oxygen and the methyl group of acetic acid. This suggests that if activation energies exist, they are not large. Our results are consistent with this. Bowie 23 et al. calculated a barrier of 56 kcal/mol for a 1,2 H transfer in CH 3 CO -to form the acetaldehyde enolate ion, and they expected that the 1,3 H transfer in acetate ion would be lower. Again, this is consistent with our value of 50 kcal/mol. 3. Gas Phase Acidities. The gas phase acidities for the ionization of acetic acid producing enolate and acetate at the MP4, MP2, and G2 levels are compared with experiment in Table 5 . The values for the reaction producing acetate are in good agreement with experiment.
IV. Summary
At the highest levels of theory, it is found that there are no activation energies for proton abstraction from acetic acid at either C or O by F -, OH -, or H -. On the F -surface leading to enolate, there is a minimum that is essentially isoenergetic with FH + acetate. So, while acetate is much more stable than enolate, the intermediate minimum on the enolate pathway makes the two alternatives quite competitive. There is an analogous minimum on the OH -+ acetate potential energy surface. While this minimum is essentially isoenergetic with enolate + water, it is still much higher in energy than the alternative products acetate + water. Stable ion-molecule complexes such as those found in this study appear to be commonplace in ion-molecule reactions. Similar complexes have been found on the potential energy surfaces for reactions of both anions 24 and cations, 25 and they also may be expected for reactions involving highly polar neutral species. 26 The existence of such complexes on the potential energy surfaces clearly plays an important role in the associated reaction dynamics. An investigation of the dynamics will be necessary to understand the observed branching ratio. 3 The predicted heats of formation and reaction enthalpies are in very good agreement with experiment.
